eventually compromise the structure support. The evolution of the bed surrounding these objects is dependent on the object geometry, the wave and mean-flow forcing, and the sediment characteristics. Small variations in each of these parameters can lead to vastly different scour and burial regimes.
Our ability to model scour and burial around submerged obstacles depends on how well the flow around the obstacle and the individual sediment transport mechanisms can be resolved. Even in steady forcing environments, the flow fields around 3-D objects are complex with temporally varying 3-D flow often characterized by an upstream horseshoe vortex, streamline contraction around the object, and vortex shedding in the wake. For vertical piles, the initiation of scour is generally governed by the horseshoe vortex and the contraction of streamlines [1] . Pipeline scour is initiated by a horizontal pressure gradient across the pipeline which induces a groundwater flow that ejects the supporting sediment from beneath the object [5] . In wave environments, the scour surrounding 2-D objects (i.e., vertical piles and pipelines) scales with the orbital excursion of the waves relative to the object diameter. It is commonly parameterized with the Keulegan-Carpenter number (KC) given by (1) where is the amplitude of the maximum value of the undisturbed wave velocity outside the wave boundary layer, is the wave period, and is the object diameter [6] , [1] , [7] . For small bodies , the scour is dependent on vortex shedding in the wake of the object.
Recent laboratory and numerical investigations have considered the effects of introducing surface-mounted, 3-D objects to flow fields. Several geometries have been examined including [8] pyramids [9] , cubes [10] , [11] , [8] , spheres [12] , hemispheres [13] , and short cylinders [14] . The deformations of the flow field around and over the object ends reduces the horizontal pressure gradient applied across the object diameter and may reduce or eliminate the piping present on 2-D pipelines. The flow deformation over the object also reduces the strength of the horseshoe vortex as is present with 2-D vertical piles. A limited number of laboratory investigations [15] , [13] have considered the flow field and scour around 3-D objects in wave and mean-flow environments. The scour around surface-mounted spheres in wave environments has been shown to have smaller volumes than in comparable mean-flow environments [12] . Truelsen et al. [12] also showed that the scour in wave environments is a function of both the bed stress and the KC number. However, in the mean-flow environment, the scour is purely a function of the bed stress.
The geometry of short, horizontal cylinders (i.e., mines) creates a new set of hydrodynamic conditions resulting from the 3-D flow field and the ability of the cylinder to roll, shift, and rotate on the bed. Lab investigations exposing a submerged short cylinder to waves showed that the 3-D scour pattern is correlated to both the Shields parameter and vortex shedding [15] . Field observations of cylindrical mines in coastal environments, where wave and tidal velocities are often perpendicular, have shown that the cylinder generally rotates until the longitudinal axis is parallel to mean flows and perpendicular to the direction of wave propagation [16] . Previous studies have indicated that cylindrical mines scour by a repeated sequence of the mine scouring, rolling into the scour pit, and scouring again until buried. Over a single storm event, the bed shows significant variation in scour and burial regimes. Complete perimeter scour surrounding the mine occurs in high forcing conditions and partial burial occurs in low forcing conditions [16] .
The objective of this investigation is to examine the initiation of scour and deposition surrounding a short cylindrical object resting on a bed using a 3-D computational fluid dynamics model. Predictions of the initiation of scour and deposition surrounding the object are made for a variety of wave and mean-flow climates consistent with two full-scale field experiments. Consistent with available field observations, the cylinder is oriented parallel to the mean flows and perpendicular to wave propagation. These simulations are evaluated with field observations obtained before, during, and following an observed storm event. Finally, regimes of scour and deposition initiation are identified over a range of wave and mean-flow conditions.
II. OBSERVATIONS
The objective of the 2003-2004 collaborative Martha's Vineyard Coastal Observatory (MVCO, Edgartown, MA) mine burial experiment was to observe the near-and far-field wave and sediment climatology surrounding inert cylindrical mines placed on a sediment bed. The cylindrical objects were placed in intermediate water depths of 12-15 m [17] . In the near-field, the free-stream velocity field, cylinder orientation, and seabed geometry surrounding a short, cylindrical, mine-like object were observed. Vertical profiles of velocity were measured at 50-cm range bins with an upward looking acoustic Doppler profiler (ADP) located 20 m from the object. Observations of seabed geometry and backscatter intensity were obtained with a two-axis rotary sonar with a set frequency of 975 kHz. The instrument resolved the bed morphology and backscatter intensity over a 4-m radius surrounding the object, with a spatial resolution of approximately 10 cm in the horizontal and approximately 5 cm in the vertical. The longitudinal axis of the cylinder was oriented 88 relative to the north.
During the two-month experiment, a single storm event with significant waveheights of up to 3 m, wave periods ranging from 4 to 8 s, and orbital wave velocities up to 50 cm/s in the north-south direction, occurred (Fig. 1) . The orientation of tidal flows relative to the north during the observations of interest was generally 100 , while was 210 . This two-day storm event resulted in large evolutions of the local seabed geometry surrounding the cylinder.
III. MODEL
The 3-D flow simulations are performed with a commercial nonhydrostatic finite-difference model, FLOW-3D. This model has previously been used to resolve the flow and scour around bridge piers [18] and the flow around a submarine pipeline [19] . The model resolves fluid-fluid and fluid-air interfaces with a nonboundary fitted rectangular grid and a volume of fluid (VOF) approach which resolves the grid cells into separate fractionalfluid components containing the fraction of water and fraction of solid in the cell. Similarly, a fractional area-volume obstacle representation (FAVOR) approach is used to parametrize the flow within cells which contain fluid-obstacle boundaries.
The model solves the 3-D Reynolds averaged Navier-Stokes (RANS) equations for incompressible flow simultaneously with the continuity equation given by (2) The RANS equations are given as represents the body accelerations, represents the viscous accelerations, is the strain rate tensor, is the wall shear stress, is the density of water, is the kinematic viscosity, and is the kinematic eddy viscosity.
In these simulations, the equations of motion are closed with the standard closure scheme given by (5) where is the turbulent kinetic energy, is a closure coefficient, and is the dissipation rate as given in [20] . Comparisons of , renormalization group (RNG), and large eddy simulation (LES) closure schemes with laboratory observations of a 2-D cylinder lying on a flat bed and over a scoured bed found that the mean-velocity predictions for each of the closure schemes were within 4% of the data [19] . The closure accurately predicted the wake reattachment point of the cylinder placed on a flat bed. Predictions of the Strouhal number with the closure scheme were consistent with the observations; however, the amplitude of the vortex shedding was smaller than the LES predictions and dependent on the grid resolution.
In these calculations, a fixed horizontal cylinder, 2. (Fig. 2) . A domain size of 6 m 9 m 2 m allowed for the upstream development of the bottom boundary layer and the downstream evolution of the wake. This resulted in 157, 215, and 38 grid cells in the domain in the -, -, and -directions, respectively. The equilibrium time for each simulation was determined as the time required for the fluid at the beginning of the domain to reach the downstream boundary (i.e., model simulation time was 112 and 49 s for mean-flow velocities of 10 and 25 cm/s, respectively). The equilibrium time for simulations with 0 cm/s mean-flow velocity was three complete wave periods. Time step sizes for the simulations are calculated by the model to ensure numerical stability. For the simulations, the direction of wave propagation and mean flow is assumed to be 0 and 90 relative to north, respectively. Consequently, the north and south boundaries were forced with time-dependent free-stream wave velocities. Consistent with the MVCO observations (see Table I for a summary of the observations), these velocities vary from 0 to 50 cm/s, with a wave period of 7 s. The west boundary was forced with the mean-flow velocities varying from 0 to 25 cm/s, and the east boundary was defined with a continuative outflow condition (see Table II for a summary of the simulations). A no-slip condition was assumed at the bottom boundary, and a Nikuradse bed roughness equivalent to the fine grain ( TABLE I  OBSERVED FREE-STREAM FLOW CONDITIONS DURING THE STORM   TABLE II  FORCING CONDITIONS FOR MODEL SIMULATIONS 0.15 mm) sands typical of the MVCO site was assumed. A symmetry condition was assumed at the top of the domain.
IV. RESULTS
Model simulations are performed for the range of wave and mean forcing conditions specified in Table II . Locations of incipient motion are assumed when the maximum value of the magnitude of the Shields parameter over a wave period exceeds the critical value . The magnitude of the Shields parameter is given by (6) The instantaneous components of the Shields parameter are defined with (7) where is the specific gravity and is the grain size ( 0.15 mm). The shear velocity is calculated with a two-point linear interpolation at the bed given by (8) where is the von Karman constant, is the velocity in the direction at ( 1.73 cm off the bed), and [21] . Here, the maximum Shields parameter is assumed to occur at the peak wave velocity. The resolution of the near-bed domain ( 1.1 cm) prohibits the characterization of the flow through the wave bottom boundary layer. In the following simulation, the wave bottom boundary layer thickness is always less than 3.5 cm. This quasi-steady approach will result in the bed stress being in phase with the free-stream velocity. The tendency of sediment to deposit is characterized with values of the nondimensional Rouse parameter, which represents the balance between the settling velocity and a measure of the turbulent fluctuations required to maintain sediment suspension and is given by (9) where is the settling velocity as defined by (10) where is the relative density of the sediment, is gravity, is the grain sieve diameter, and is given by (11) where is the grain Reynolds number given as (12) where is the kinematic viscosity. Sediment is assumed to deposit at a location when the minimum Rouse parameter over the wave cycle exceeds ten [21] . The minimum Rouse parameter occurs at maximum shear stress over a wave period for each cell and is, therefore, the most restrictive estimate for sediment deposition.
The model is evaluated with the sonar observations shown in Fig. 1 and described in Table I . In each of the four cases, we compare the model simulations with the forcing conditions most consistent with the observations. Direct comparison with the model is not possible because the model simulations all assume a flat, immobile bed with a cylinder burial of 10%. Instead, we evaluate the predicted scour and depositional susceptibility with the evolution of the observations in response to the hydrodynamic forcing.
Before the storm on October 21, 2003 at 02:00:00 A.M., flow conditions ( 8 cm/s and 26 cm/s) are consistent with the forcing conditions of simulation 2c ( 10 cm/s and 25 cm/s). There exists two areas exceeding the critical limit for incipient motion, each approximately 1.5 cylinder diameters in width, at the end of the cylinder upstream of the mean flow [ Fig. 3(a) ]. Within these areas, the maximum Shields parameter reaches 0.2. Smaller areas of incipient motion, approximately 0.5 cylinder diameters wide, develop at the opposite end of the cylinder. Deposition for this simulation, as predicted by the Rouse parameter, is limited to the area immediately next to the cylinder [ Fig. 3(b) ]. The observations [ Fig. 3(c) ] show a bed depression indicative of ongoing scour occurring at the west end of the cylinder to a depth of 23 cm below the far-field bed elevation. A small area of scour also occurs at the northeast end of the cylinder, approximately 0.5 cylinder diameters wide, and is consistent with the predictions for simulation 2c. The observations are generally not inconsistent with the simulation. However, the predicted region of scour at the west end is larger than observed and the small scour area at the southeast end of the cylinder is not present. This deviation may result from the forced wave velocity being slightly larger than the observed velocity and also the assumed 90 approach of the mean flow. tire domain with the exception of a small, two-cylinder diameter section along the longitudinal axis of the cylinder [ Fig. 3(g) ].
The low values of the Rouse parameter throughout the domain suggest no additional deposition beyond the area of the cylinder which is buried [ Fig. 3(h) ]. The observations [ Fig. 3(i) ] show the scour pits previously observed have propagated along the length of the mine, leading to complete perimeter scour reaching depths of 40 cm below the far-field bed elevation. The fixed-bed assumption in the simulations does not resolve existing scour holes present in the field and consequently fails to predict the observed high-stress region along the cylinder perimeter. However, the model does predict the entire bed to be in motion. Mobile bed simulations of the flow around a 2-D cylinder suggest that the model may predict the perimeter scour if the observed initial bed morphology was specified [22] . Fig. 3(k) ] are the same as those preceding the storm. The observations [ Fig. 3(l) ] show a scour regime similar to that before the storm; however, the scour holes are deeper and wider. Backscatter intensity observations show that the scoured perimeter region fills with very fine-grained sediment following the storm [17] . A potential explanation for the deeper, wider scour holes is the very fine-grained sediment that scours more easily than the sand, exposing the areas previously scoured. Additionally, the wave velocities and average mean flows are slightly higher than those preceding the storm. The predicted areas of incipient motion exceeding the critical value are consistent with the observations, with the exception of the observed scour pits at the east end of the cylinder which are larger than the simulated scour pits. Both the observations and model predictions show deposition occurring along both sides of the cylinder.
The scour and depositional regimes for the entire range of simulated wave and mean-flow velocities are given in Figs. 4 and 5, respectively. These results indicate that regions of potential scour, as inferred by incipient motion, are most strongly correlated to wave velocities oriented perpendicular to the cylinder axis. Not surprisingly, the near-field flow response is relatively insensitive to the drag introduced by the mean flow moving parallel to the longitudinal axis of the cylinder. When the wave velocity reaches 25 cm/s, incipient motion occurs over the entire domain, although the highest scour remains at the ends of the cylinder. Increasing the wave velocity beyond 25 cm/s decreases deposition along the cylinder and eliminates the deposition of sediment in the mean-flow wake of the cylinder. Increasing the mean flow in the simulations increases the bed stress magnitude at the west end of the cylinder in addition to forcing the sediment initiation at the east end of the cylinder downstream. Increasing the mean flow also translates the depositional areas (Fig. 5) along the length of the cylinder to taper towards the east end of the cylinder. The largest areas susceptible to deposition are closer to the middle of the cylinder as the velocity increases. The far-field incipient motion and depositional regimes for two similarly hydrodynamic regimes, simulation 3b ( 25 cm/s and 10 cm/s) and simulation 2c ( 10 cm/s and 25 cm/s), show the sensitivity of the bed stress predictions to the wave-current interactions. Although both simulations are close to the critical limits, simu- lation 3b shows far-field incipient motion (i.e., live-bed scour), while simulation 2c shows only local incipient motion at the west end of the cylinder (i.e., clear-water scour).
V. DISCUSSION
Predicting the sediment initiation and deposition over a flat bed is the first step in predicting the dynamic scour and burial of submerged mines. Comprehensive morphologic simulations require accurate calculations of the transport followed by continuous updates of the morphology. Due to the fixed-bed assumption in this effort, only the initiation of sedimentation is predicted, as evolution of the bed during the events would result in potentially significant variation of the stress and resulting transport and morphologic evolution. Nonetheless, the calculation of the morphologic evolution from a flat bed provides us with an opportunity to evaluate the impact of introducing an object to a previously undisturbed bed. For this effort, the morphologic calculation is simplified by assuming the scour is purely a function of bedload transport. Following [23] , we calculate the bedload transport with the model of Engelund and Fredsøe [24] given by (13) where , or based on direction, and
where and given by (6) , [23] . The model predictions of transport show negligible transport for wave velocities of 10 cm/s or less (Fig. 6 ). When the wave velocity reaches 25 cm/s, sediment is transported radially away from the cylinder ends. Sediment is also transported downstream when the waves are enhanced by nonzero mean flows. In the presence of the largest wave forcing ( 50 cm/s), the near-field transport is enhanced by the live-bed transport present in the far-field. Predictions of bathymetric change may be estimated by integrating the sediment flux over a given amount of time. The predicted scour depth is estimated by integrating the Exner equation and is given by (15) where is the volume of sediment in suspension, which is assumed to be 0.
As an initial approximation, the contributions by the suspended sediment term are assumed negligible. Fig. 7 presents the predicted scour depth for each simulation following 1 h of exposure to the given forcing conditions. As expected, the simulations show relatively no morphologic evolution for low forcing climates. Whole morphologic evolution in the model is in response to the near-field flow disturbance. In all cases where there is a nonzero transport, scour is predicted at the cylinder ends. The scour resulting from 1 h of hydrodynamic forcing can reach values of approximately one-half of the mine diameter. The morphologic evolution is larger than would be expected in the field because the flow field does not evolve with the bathymetric changes and suspended load transport is neglected. Predicted scour areas agree well with field observations and previous predictions based on shear stress, with areas of scour occurring near cylinder ends and at areas with high predicted bedload. Areas of deposition are less consistent with field observations and previous results based on the Rouse parameter. These areas are a result of both the flat-bed assumption and the assumption that all sediment stays in bedload. Given higher wave and mean forcing conditions the sediment in these areas may be advected downstream or into suspended load, preventing deposition in these areas.
VI. CONCLUSION
Model simulations of scour and deposition surrounding a partially buried, fixed, cylindrical object exposed to mean flow and wave forcing have been performed for a range of conditions observed in intermediate water depths. The flow simulations are performed for a short cylindrical object assuming a 10% initial burial on a flat, fixed bed. The cylinder axis is perpendicular to the direction of wave propagation and parallel to mean flow. Regions of scour are identified as locations where the magnitude of the maximum Shields parameter at peak wave velocities is in excess of the limit . Regions of deposition are assumed at locations where the Rouse parameter exceeds ten. Predictions of bedload transport are used to estimate initial morphologic evolution.
In wave-dominated environments, the observations and model predictions show scour occurring at the ends of the cylinder. Both observations and simulations show that for moderate wave forcing in the presence of nonzero mean flows, the scour becomes larger at the upstream end of the cylinder. The fixed-bed assumption in the model simulations prohibits the prediction of complete perimeter scour occurring during the peak storm events. However, predictions of scour surrounding a 2-D pipeline by Smith [22] indicate the likely downstream propagation of scour holes along the length of the cylinder which would eventually result in full perimeter scour surrounding the cylinder. In moderate wave climates ( 10 cm/s), the predictions of the Rouse parameter suggest sediment deposition would occur near the center of the cylinder as is regularly observed in the field. However, the bedload transport calculations show no comparable morphologic evolution. This would indicate that sediment deposition over the center of the mine results from suspended load transport. In larger hydrodynamic forcing climates, calculations of the Rouse parameter do not predict strong instances of sediment deposition and are consistent with field observations. However, predictions of bedload transport show larger amounts of deposition not evident in existing observations. These results indicate that the local morphologic evolution surrounding mines is dependent on both bedload and suspended load transport.
Scour and depositional regimes for a complete range of forcing conditions show several trends as velocities increase. The trends allow for more scour and less deposition as velocities increase, with the perpendicular wave velocities dominating the large scale scouring processes and mean-flow velocities dominating the presence of deposition along the length of the cylinder. These regimes may be useful as a resource in determining the local scour and depositional processes surrounding a submerged mine and the effects of changing wave and mean-flow climates on those processes. 
